Previously, we have identified an avirulent Ralstonia solanacearum mutant carrying a transposon insertion in RSc0411, a gene homologous to the Escherichia coli LPS-transporting protein LptC. However, how the disruption of RSc0411 affects the bacterium-plant interactions and leads to decreased pathogenicity was not known. Here we show that the disruption of RSc0411 leads to pleiotropic defects, including reducing bacterial motility, biofilm formation, root attachment, roughform LPS production and virulence in tomato and increasing membrane permeability. Disruption of the orthologous RSc0411 present in other R. solanacearum strains proves that most of these functions are conserved in the species. In contrast, trans-complementation analyses show that only RSc0411 orthologues from closely related bacteria can rescue the defects of the disruption mutant. These results enable us to propose a function for RSc0411, and for the clustered genes, in LPS biogenesis, and for the first time, to our knowledge, also a role of a gene from the DUF1239 gene family in bacterial pathogenicity. In addition and notably, the RSc0411 mutant displays a strain-specific phenotype for hypersensitive response (HR), in which the RSc0411 disruption impairs the HR caused by strain Pss190 but not that by strain Pss1308. Consistent with this strain-specific defect, the mutation clearly affects expression of the type III secretion system (T3SS) in Pss190 but not in other strains, suggesting that the HR-deficient phenotype of the RSc0411 mutant in Pss190 is due to impairment of the T3SS and thus RSc0411 has a strainspecific role in the T3SS activity of R. solanacearum.
INTRODUCTION
Ralstonia solanacearum is a soil-borne, rod, Gram-negative bacterium belonging to the b-proteobacteria. This bacterium can cause lethal wilt diseases on an unusually broad spectrum of plant species with wide geographical distribution (Hayward, 1991) and is responsible for severe crop losses. The success in establishing systemic infection involves several important processes acting first in free-living bacteria and progressively as the invading cells progress from the soil into host stem. These include motility, root attachment and colonization, nutrient acquisition, multiplication, migration through the intercellular spaces, penetration and colonization of the xylem and avoidance or suppression of host defences (Danhorn & Fuqua, 2007; von Bodman et al., 2003) . R. solanacearum pathogenesis requires a complex regulatory network governed by the phenotype-conversion (Phc) system and a large battery of specialized virulence factors, including surface carbohydrates, plant-cell-wall-degrading enzymes, extracellular polysaccharides, motility-related elements (flagella, pili), detoxifying systems, phytohormones and effectors secreted by the type III secretion system (T3SS) (Denny, 2006; Genin, 2010) . In addition, impaired LPS production in R. solanacearum also leads to reduced virulence (Titarenko et al., 1997) .
The T3SS is a key pathogenicity determinant for pathogenic bacteria. In R. solanacearum, expression of the T3SS regulon, which includes the T3SS structural proteins and the secreted effectors, is regulated by the AraC-family transcriptional regulator HrpB (Poueymiro & Genin, 2009) . HrpB is positively controlled by HrpG and PrhG, two two-component response regulators of the OmpR subfamily, in response to plant cell signals and environmental cues when grown in minimal medium (Plener et al., 2010) . Upon contact with plant cells, the outermembrane receptor PrhA senses a plant-specific signal and transmits the activating message to turn on HrpG transcription through PrhR, PrhI and PrhJ (Brito et al., 2002) . HrpG, as the master pathogenicity regulator, controls not only the HrpB/T3SS pathway but also a pathway that includes additional virulence determinants and genes possibly playing roles in adaptation to life in the host (Genin, 2010; Valls et al., 2000 Valls et al., , 2006 . Furthermore, the T3SS is negatively regulated by a quorum-sensing signal through direct repression of the PrhIR signalling proteins, which is mediated by the LysR-type transcriptional regulator PhcA (Yoshimochi et al., 2009) .
LPS contribute largely to the permeability feature of the outer membrane (OM) of Gram-negative bacteria, preventing toxic compounds from entering the cell and permitting bacterial survival in diverse hostile environments (Bos et al., 2007) . In addition, LPS also play important roles in bacterium-host interactions (Dow et al., 2000; Newman et al., 2007; Ormeño-Orrillo et al., 2008) . Rough (R-)LPS are composed of the hydrophobic membrane-anchored lipid A moiety and the short core oligosaccharide, and the addition of variable O-antigen polysaccharide chain onto R-LPS leads to the formation of the complete structure of smooth (S-)LPS. The synthesis, assembly and transport of LPS components are well studied in Escherichia coli (Raetz & Whitfield, 2002; Wang & Quinn, 2010; Sperandeo et al., 2011) . R-LPS are synthesized via a conserved pathway, which involves proteins on the cytoplasmic surface of the inner membrane (IM), then transported by MsbA across the IM where ligation of R-LPS to O-antigen is triggered by WaaL to form S-LPS. Accumulated studies together support a trans-envelope model for the LPS transport (Lpt)-system-mediated transport of LPS to its final destination at the OM (Sperandeo et al., 2008; Ruiz et al., 2008; Chng et al., 2010) . In this model, S-LPS is extracted by the IM-located LptBCFG complex from the ligation site in the IM, unidirectionally transferred to the periplasmic protein LptA via LptC-LptA interaction, and then delivered to LptE of the OM-located DE complex via LptA-LptD interaction. LptDE could then mediate LPS transport into and/or across the OM barrier.
Previously, we carried out transposon (Tn5) insertional mutant screens to identify genes involved in pathogenesis of R. solanacearum strain Pss190 (phylotype I, biovar 4, race 1) (Lin et al., 2008) . A mutant containing a Tn5 insertion in the annotated gene RSc0411 (located at nucleotide 580) ( Fig.  1; Fig. S1 , available in Microbiology Online) was avirulent in both tomato and Arabidopsis. ubiquitous eubacterial proteins mostly not characterized, except for the E. coli DUF1239 protein LptC, which is involved in LPS transport from the IM to the OM (Sperandeo et al., 2011) . The objective of this study was to determine how RSc0411 inactivation affects R. solanacearum-plant interaction and therefore bacterial pathogenesis. Our results show that RSc0411 is involved in R-LPS biogenesis and is a determinant for expression of an array of functions required for full virulence in different R. solanacearum strains. However, our trans-complementation analyses with Rsc0411 orthologues show that only those from closely related bacteria can rescue the defects of the mutant. These results indicate that Rsc0411, as well as possibly genes located in the cluster, functions in LPS biogenesis, and for the first time, to our knowledge, that a gene of the DUF1239 family plays a key role in bacterial pathogenicity. In addition and most importantly, the disruption of RSc0411 has effects on the hypersensitive response (HR) and expression of the T3SS genes in strain Pss190 but not in other strains, indicating a unique strain-specific role of this gene in R. solanacearum pathogenicity.
METHODS
Bacterial strains and culture conditions. All of the strains and plasmids used in this study are listed in Table 1 . Isogenic mutants in the background of strain Pss4 (phylotype I, biovar 3, race 1) and Pss1308 (phylotype I, biovar 3, race 1) were generated following a method described previously (Lin et al., 2008) . For complementation tests, trans-complemented strains of the mutant were generated by expression of a wild-type allele derived from the indicated bacteria via a low-copy-number, broad-host-range plasmid (pUFR047, De Feyter et al., 1993) . The coding region of the target genes were isolated from the indicated bacterial genomes by PCR with primers designed based on sequences of R. solanacearum strain GMI1000 (phylotype I, biovar 3, race 1) or the orthologues of RSc0411 present in different bacteria (Table 1) and then cloned into pUFR047. All of the primers used in this study are listed in Table  S1 . PCR conditions were as follows: 94uC for 5 min followed by 30 cycles of denaturation at 94uC for 30 s, annealing at 55uC for 30 s and extension at 72uC for 60 s.
Preparation of media (SM1, CPG, CPG+0.01 % SDS, 523 and M9) and analyses of in vitro growth of R. solanacearum in various agar media were performed as described previously (Lin et al., 2008) . Glucose was added to minimal medium M9 as carbon source. Bacterial tolerance to stress chemicals was also analysed in 523 liquid medium containing polymyxin B (100-1600 p.p.m.) and tyrothricin (0.15-2.5 p.p.m.) and in M9 liquid medium containing tyrothricin (0.0625-0.5 p.p.m.). To evaluate the effects of chemicals on bacterial growth, bacterial overnight cultures were diluted to give an OD 600 of 0.3 in 523 or M9 liquid medium, followed by incubation at 28 uC for 6 h. Samples (50 ml) of the bacterial cultures were then added into 2 ml 523 or M9 liquid medium containing the test chemicals at the indicated concentrations. Bacterial proliferation in 523 and M9 medium was determined by measuring OD 600 after incubation at 28 uC for 16 and 30 h, respectively.
Biofilm formation and swimming motility assays. To assess the bacterial biofilm formation, overnight culture was diluted with BG medium (Boucher et al., 1985) to OD 600 0.1. Samples (20 ml) of bacterial suspension were added to 180 ml BG in each well of the 96-well polystyrene microwell plate (Nunc). The plates were sealed with plastic wrap and incubated without shaking for 24 h at 28 uC. The bacterial culture was pipetted to resuspend precipitated cells and OD 600 was measured by a Beckman Coulter AD340 ELISA plate reader to determine bacterial growth. After washing each well with distilled water, 0.1 % crystal violet was added to stain the biofilm for 15 min. Distilled water was then added to remove the trace crystal violet. Finally, the crystal-violet-bound biofilm was dissolved in 1 % SDS and quantified by measuring OD 570 . Swimming motility assay was performed as described previously (Liu et al., 2005) . Because of the variable swimming activity of R. solanacearum wild-type strains (our unpublished data), swimming motility of strains in Pss4 background was assayed in 0.3 % agar medium, while that in Pss190 background was tested in 0.22 % agar medium.
Root attachment and pathogenesis assays. Tomato (Solanum lycopersicum) susceptible variety L390 was used for root attachment and pathogenesis assays. Root attachment assays were performed using a method described by Jofré et al. (2004) with modifications. Two-day old etiolated tomato seedlings pretreated in water were inoculated with 10 6 c.f.u. R. solanacearum ml
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, diluted from a bacterial culture at OD 600 0.3 (approximately 10 8 c.f.u. ml 21 ). After 4 h incubation at room temperature with gentle shaking at 50 r.p.m., five root pieces (2 cm in length) were washed in 30 ml sterile 0.88 % NaCl with stirring at 200 r.p.m. for 30 s to remove unattached bacteria. To collect the attached bacteria, the roots were immersed in 1 ml sterile 0.88 % NaCl and vortexed for 20 s. Serial dilutions of the suspension were prepared and plated on SM1 (for wild-type and complemented mutant strains) or TTC+kanamycin (for Tn5 insertional mutants) agar medium to determine the titre of bacteria attached to roots.
For pathogenesis assays carried out in 3 week old tomato plants, wilting scores and spatial assessment of bacterial populations after soil drench with bacteria at OD 600 0.3 without root severing were performed as previously described (Lin et al., 2008) . To assess in planta bacterial population, each sampled plant was washed in 1 % bleach to remove soil, surface-sterilized with 70 % alcohol and airdried. The tissue segments (approximately 1 cm in length) were removed from the indicated parts of each plant, weighed and crushed in 1 ml sterilized water. Tissue extract (100 ml) was subjected to 10-fold serial dilutions. Diluted wild-type and mutant bacterial samples (10 ml each) were spotted onto appropriate agar media in replica to count c.f.u. SM1 medium was used for the wild-type strains; TTC medium containing kanamycin medium was used for the mutants; TTC medium containing kanamycin or kanamycin+gentamicin were used for complemented strains generated in the background of the wild-type strain and the mutant, respectively.
For pathogenesis assays carried out in Nicotiana benthamiana and Nicotiana tabacum 'Wisconsin 38' (W38), leaves were infiltrated with bacterial suspensions at OD 600 0.3. The infiltrated plants were incubated at 26 uC in growth chambers. Symptom development in N. benthamiana and HR in N. tabacum were recorded periodically. To assess in planta bacterial population, discs (1 cm in diameter) of the infiltrated leaves from two or more plants were recovered 24 h after inoculation, and at least three discs were combined, weighed and completely ground in l ml sterile distilled water. The resultant suspensions were serially 10-fold diluted and 10 ml of each diluted sample was spotted onto appropriate medium plates in replica to count c.f.u. as described above.
RNA extraction and quantitative RT-PCR. Bacteria were cultured in M63 medium containing 20 mM glutamate as the single carbon source (Boucher et al., 1985) and harvested at OD 600 0.8. RNA was extracted using the modified RNeasy Mini kit (Qiagen) followed by a treatment with RNase-free DNase I (Qiagen). RNA samples were checked for DNA contamination by PCR without prior reverse transcription. The first-strand cDNA was synthesized from 1 mg total Microbiology 159 Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Sat, 08 Dec 2018 18:03:13 RNA with random primers and AMV reverse transcriptase (Promega). Quantitative PCR was performed using the iQ SYBR Green Supermix kit (Bio-Rad) with 0.28 mM of each primer (Table  S1 ) and 600 ng cDNA in an 18 ml reaction. PCR conditions were as follows: 95uC for 3 min followed by 40 cycles of denaturation at 95uC for 10 s, annealing at 58uC for 20 s and extension at 72uC for 30 s. Analysis of the results was carried out using the iCycler iQ real-time PCR detection system (Bio-Rad). Because growth of the RSc0411 mutant and the hrpG mutant in synthetic medium was not significantly different from that of the wild-type strain, 16S rDNA served as an internal control for equal cDNA use and as a quality check for each sample.
Analysis of LPS biosynthesis. Bacterial cultures grown in 523 liquid medium for 16 h were spread on TTC plates and then incubated at 28 uC overnight. The bacterial cells were then washed off the plates with sterile distilled water and adjusted to prepare bacterial suspensions at OD 600 0.4. Total LPS was then extracted from bacterial suspensions by following a method described by Titarenko et al. (1997) , followed by treatments with DNase and RNase at 37 uC each for 30 min to degrade nucleic acid. Proteinase K was added and the mixture was incubated at 60 uC for 2 h to remove proteins. The samples were then boiled for 10 min and treated with proteinase K again. The resulting LPS samples were fractionated at equal volumes on regular 4-12 % SDS-polyacrylamide or 16 % Tricine-SDS-polyacrylamide gels and then stained with silver staining as described previously (Tsai & Frasch, 1982; Schägger, 2006) .
Promoter assays. Putative promoter sequences upstream of the test genes were amplified from R. solanacearum Pss190 genomic DNA using primers listed in Table S1 and the following PCR conditions: 94uC for 5 min followed by 30 cycles of denaturation at 94uC for 30 s, annealing at 55uC for 30 s and extension at 72uC for 30 s. PCR products were cloned into pCZ962, which carries a lacZ reporter gene. Overnight cultures grown in 523 liquid medium containing 10 mg tetracycline ml 21 were diluted with 523 medium to give an OD 600 , of 0.1 and then incubated at 28 uC for 6 h to measure promoter activities at early exponential phase. The b-galactosidase activity was measured as described by Miller (1972) .
RESULTS

Sequence analysis and organization of DUF1239-related gene clusters
The RSc0411 protein belongs to the DUF1239 protein family and shares low sequence homology with the E. coli LPS-transporting protein LptC (identity518 %, similarity535 %) (Fig. S1 ). No paralogue sharing significant sequence similarity (expected value ,0.5) with the ORF RSc0411 was identified in the complete genome sequence of R. solanacearum strain GMI1000. The deduced product of RSc0411 consists of 211 amino acid residues and a transmembrane domain located at residues 15-37 is predicted with the TMHMM Server v. 2.0 software.
We further investigated the organization and sequence homology of the DUF1239-related gene cluster in representative Gram-negative bacteria in order to learn more about their possible functions. Bacteria selected for the analysis include those phylogenetically related to R. solanacearum (Cupriavidus metallidurans, Ralstonia eutropha, Cupriavidus taiwanensis; Denny, 2006) or distinct pathogenic bacteria (E. coli, Xanthomonas euvesicatoria). As shown in Fig. 1 , the organization of the DUF1239-related gene cluster is mostly conserved in the analysed bacteria, except for the absence of RSc0412 (kdsC/ybrI) in a few bacteria. In E. coli, the five genes included in this cluster are involved in LPS biosynthesis (KdsD, KdsC) or LPS transport (LptC, LptB, LptA) (Wang & Quinn, 2010) and are organized into three operons ( Fig. 1 ; Sperandeo et al., 2007) . Sequence comparisons revealed that R. solanacearum RSc0409, RSc0412 and RSc0413 proteins share a significant sequence similarity (¢60 %) with their orthologues. However, RSc0411 and RSc0410 share a significant sequence similarity (¢75 %) with their orthologues in bacteria phylogenetically related to R. solanacearum, but a relatively low or moderate similarity (approximately 21-45 %) with the probable homologous genes in less related bacteria.
Promoter activity assays of RSc0411 and flanking genes
To illuminate the organization of the R. solanacearum RSc0411-related gene cluster (Fig. 1) , promoter activity of RSc0411 and the flanking genes was analysed in rich medium. The results revealed that RSc0411 and RSc0413 conferred obvious promoter activity, RSc0409 and RSc0410 possessed detectable low promoter activity, while RSc0412 did not have reliable promoter activity (Table 2) . These results indicate that the RSc0411-related gene cluster is organized as at least three transcriptional units and that RSc0411 is constitutively expressed.
Determination of stress sensitivity and LPS production
Successful infection processes in R. solanacearum need an effective system to adapt its physiology to a stressful and nutritionally poor environment. The RSc0411 mutation did not cause obvious defects in bacterial growth in rich agar medium (CPG) (Fig. 2a) and in liquid medium M9 over time (data not shown). However, since RSc0411 protein is an orthologue of the E. coli LPS-transporting protein LptC ( Fig. 1 and Fig S1) , and LPS is important for the interaction of bacteria with their surrounding environment and eukaryotic hosts (Raetz & Whitfield, 2002) , we therefore determined whether this mutant was defective in tolerance to hydrophobic toxic chemicals. The results showed that the RSc0411 mutant was unable to grow in SM1 medium, which contains multiple antibiotics, or in the presence of SDS (Fig.  2a) , and its tolerance to polymyxin B and tyrothricin was significantly reduced (Fig. 2b, c) . The increased sensitivity to these hydrophobic toxic chemicals indicates alteration in membrane permeability of the RSc0411 mutant. Trans-complementation tests showed that expression of a wild-type Pss190 version of RSc0411, carried by a low-copynumber vector pUFR047 (pURs), restored growth of the RSc0411 mutant in SM1 and CPG+SDS medium to wildtype levels (Fig. 2a) , verifying the responsibility of RSc0411 disruption for the increased sensitivity to the stress factors. These results show that the RSc0411 mutant confers reduced tolerance to hostile environments and thus might have diminished fitness outside and inside the plants.
To determine whether disruption of RSc0411 affects R. solanacearum LPS biogenesis, the LPS production profile was assessed. A mutant of rfaF (RSc0565), whose homologues in enteric bacteria specify synthesis and addition of heptose to the LPS core to produce R-LPS, was included as a reference strain (Fig. 2d) . The results revealed that the overall S-LPS production in the RSc0411 mutant was not significantly different from that in the wild-type strain, but R-LPS production in the mutant was reduced (Fig. 2d, Fig. S2 ). The defect in R-LPS production , resolved by the indicated SDS-PAGE and stained with silver staining. The experiments were performed at least three times using independent biological samples with similar results. Results from a single representative sample are shown. S-LPS, smooth LPS containing O-antigen polysaccharides; R-LPS, rough LPS. WT, the wild-type strain; RSc0411, the RSc0411 : : Tn mutant; rfaF, the LPS-defective rfaF : : Tn mutant. Plasmids carried in WT and RSc0411 strains for complementation assay are indicated in parentheses. pUFR047 is the empty vector used for construction. pURs, pUCt, pUCm, pUEcRe, pUEc, pUXe and pUPc are pUFR047 clones containing R. solanacearum Pss190 RSc0411 and its orthologues from different bacteria (Ct, C. taiwanensis; Cm, C. metallidurans; Re, R. eutropha; Ec, E. coli; Xe, X. euvesicatoria; Pc, P. carotovorum).
could be rescued by expression of a wild-type Pss190 version of RSc0411 (Fig. 2d, Fig. S2 ). These results demonstrate that functional RSc0411 is important for optimal R-LPS biogenesis.
Assessment of pathogenicity-related characteristics
In our previous study, the RSc0411 mutant was avirulent in both tomato and Arabidopsis (Lin et al., 2008) . To investigate factors accounting for the avirulence of the RSc0411 mutant, pathogenicity-related characteristics were evaluated. The mutant was impaired in biofilm formation, attachment to tomato roots and swimming activity, and these defects were rescued by expression of a wild-type Pss190 version of RSc0411 (Table 3 ). In addition, the bacterial virulence and internal population in the susceptible tomato cultivar L390 was determined 7 days postinoculation (d.p.i.), when the R. solanacearum Pss190 wild-type strain caused complete wilting in the test plants. The results showed that the mutant was unable to cause any disease symptom 7 d.p.i. (Fig. 3a) and throughout the period of our evaluation (21 d.p.i., data not shown). Consistently, the in planta bacterial population of the wild-type strain reached at least 10 8 c.f.u. g 21 in fresh samples from various tomato tissues, while the internal population of the RSc0411 mutant only reached 10 6 c.f.u. g 21 in roots and was undetectable in stem-bases and stems (Fig. 3b) . The impaired systemic colonization of the RSc0411 mutant inside tomato apparently accounts for its avirulence, a defect which could be restored by expression of a wild-type Pss190 version of RSc0411 (Fig. 3) . Furthermore, in leaves of the susceptible plant N. benthamiana, as expected, the wildtype strain caused necrosis 72 h post-infiltration and the T3SS-defective hrpG mutant (Lin et al., 2008) did not trigger any symptom (Table 4 , Fig. S3a) . However, the RSc0411 mutant caused only mild chlorosis (Table 4, Fig. S3a ), despite its multiplication not being significantly different from that of the wild-type strain (Fig. S3b) . In leaves of N. tabacum (Table 4, Fig. S3c ), the wild-type strain induced hypersensitive response (HR) 24 h after infiltration, while the hrpG mutant and the RSc0411 mutant failed to cause a similar response. Interestingly, three days after infiltration, the hrpG mutant was, as expected, still unable to induce HR, while the RSc0411 mutant could cause slight HR (Fig. S3d) . Trans-complementation with a wild-type Pss190 version of RSc0411 restored virulence of the RSc0411 mutant in tomato, N. benthamiana and N. tabacum (Fig. 3, Fig. S3a , e, Table 4 ). These results verify a function for RSc0411 in R. solanacearum pathogenicity.
Expression of T3SS-related genes
Because the RSc0411 mutant failed to trigger HR, we next tested whether its T3SS was affected by analysing expression of T3SS-related genes. Four T3SS-related genes were selected for expression assays. HrpB is the immediate regulator of the T3SS; HrpY is involved in the assembly of the T3SS apparatus; PopA and PopC are T3SS-secreted effectors (Van Gijsegem et al., 2000; Poueymiro & Genin, 2009) . Because growth of the RSc0411 mutant and the hrpG mutant in synthetic medium was not significantly different from that of the wild-type strain, 16S rDNA was used as the internal control for quantitative RT-PCR. The results showed that the levels of expression of the T3SS genes in the hrpG and the Rsc0411 mutants were clearly lower than those in the wild-type strain (Fig. 4a) . Although expression of RSc2690, a constitutively expressed gene not related to the T3SS, was also slightly affected in these mutants, expression of a wild-type Pss190 version of RSc0411 in the mutant obviously restored the induced expression of *WT, the wild-type strain; RSc0411, the RSc0411 : : Tn mutant. Plasmids carried in WT and RSc0411 strains for complementation assay are indicated in parentheses. pUFR047, the empty vector used for construction; pURs and pUEc, pUFR047 clones containing R. solanacearum Pss190 RSc0411 and E. coli lptC, respectively. DThe numbers represent the means of two replicates per tested condition collected from at least three independent experiments with the SD. dLog 10 of total number of bacterial colonies formed per root segment 4 h after inoculation with R. solanacearum. The numbers represent the means of two replicates per tested condition collected from at least three independent experiments with SDs. §Quantification of bacterial biofilm formed in 96-well polystyrene microtitre plates after a 24 h incubation at 28 u C. The numbers represent the means of eight replicates per tested condition collected from at least four independent experiments with SDs.
T3SS genes to the wild-type levels (Fig. 4b) . Because RSc0411 disruption affected the T3SS activity, we further determined whether its expression is modulated by the master pathogenicity regulator HrpG. The results showed that the promoter activity of RSc0411 in the hrpG mutant was half that of the wild-type strain (Table 2) , and quantitative RT-PCR also revealed consistent results (data not shown), suggesting that RSc0411 expression could be modulated by HrpG. These results indicate that functional RSc0411 is important for the T3SS activity.
Characterization of mutants defective in membrane permeability and LPS biosynthesis
One might suspect that the failure of the RSc0411 mutant in HR induction is due to the perturbation of membrane permeability or LPS biogenesis. We therefore examined whether other R. solanacearum mutants impaired in LPS biosynthesis and/or membrane permeability displayed similar defective phenotypes. These included mutants harbouring Tn5 in rfaF (RSc0565), which is involved in biosynthesis of the R. solanacearum LPS core (Titarenko et al., 1997) , and nlpD (RSc1206), which encodes an outermembrane lipoprotein contributing to R. solanacearum host adaptation (Hsieh et al., 2012) . These two mutants were unable to grow on medium containing SDS (Lin et al., 2008) and exhibited reduced tolerance to tyrothricin (Fig.  S4) , clearly demonstrating that they had severe defects in membrane permeability. In addition, the rfaF mutant was impaired in S-and R-LPS production ( Fig. 2d ) and in virulence in tomato and tobacco ( were assayed in different plant tissues 7 days after inoculation by soil drench without root severing. Plant tissues were harvested as described in Methods. Histograms represent the means of 18 inoculated plants per strain collected from three independent trials with the error bars denoting the SEM. Pair-wise comparisons were made between the wild-type Pss190 and each strain by Student's t-test. **, Highly significant difference, P,0.01; NS, no significant difference; ND, not determined. WT, the wild-type strain; RSc0411, the RSc0411 : : Tn mutant; RSc0411 (pUFR047), the RSc0411 : : Tn mutant carrying the empty vector pUFR047; RSc0411 (pURs), the RSc0411 : : Tn mutant carrying pUFR047 clone containing R. solanacearum Pss190 RSc0411. 
C 2 *WT, the wild-type strain; RSc0411, the RSc0411 : : Tn mutant; hrpG, the hrpG : : Tn mutant; rfaF, the LPS-defective rfaF : : Tn mutant. Plasmids carried in WT and RSc0411 strains for complementation assay are indicated in parentheses. pUFR047 is the empty vector used for construction. pURs, pUCt, pUCm, pURe, pUEc, pUXe and pUPc are pUFR047 clones containing R. solanacearum Pss190 RSc0411 and its orthologues from different bacteria (Ct, C. taiwanensis; Cm, C. metallidurans; Re, R. eutropha; Ec, E. coli; Xe, X. euvesicatoria; Pc, P. carotovorum). DResponse of infiltrated leaves was evaluated 72 h post-inoculation. N, necrosis; C, chlorosis; 2, no response. dResponse of infiltrated leaves was evaluated 24 h post-inoculation. HR, hypersensitive response; 2, no response. §Slight HR response was caused by the mutant 72 h post-inoculation, as shown in Fig. S3e .
mutant and the outer-membrane lipoprotein nlpD mutant were capable of triggering HR in tobacco to the same extent as the wild-type strain (Table 4 , Fig. S3c ), indicating that perturbations in bacterial membrane permeability and LPS biosynthesis do not necessarily cause a loss of HR induction in tobacco.
Characterization of RSc0411 disruption mutants in different R. solanacearum strains
To clarify whether function of RSc0411 in the analysed pathogenesis-related characteristics is conserved in different R. solanacearum strains, we generated and characterized isogenic mutants in additional R. solanacearum strains isolated from tomato plants, including Pss4 and Pss1308. As shown in Table 5 and Fig. 2(d) , disruption of the orthologous RSc0411 in these strains led to reduced levels of bacterial growth in CPG+SDS and SM1 media, swimming activity, root attachment, virulence in tomato and R-LPS production; however, the effects of RSc0411 mutation on these properties in these three strains were generally less severe than in Pss190. In addition, this mutation in the isogenic mutants did not obviously affect bacterial biofilm formation, virulence in N. benthamiana and HR in N. tabacum (Table 5) , and expression of four T3SS-related genes (hrpB, hrpY, popA and popC) was not significantly altered in the Pss1308 and Pss4 RSc0411 mutants (data not shown).
These results indicate that RSc0411 is a conserved determinant for expression of full virulence in the R. solanacearum species and, more importantly, it also has a strain-specific novel role in Pss190 pathogenicity.
Heterologous complementation tests
To further determine whether DUF1239 members possess conserved functions, trans-complementation of the Pss190 RSc0411 mutant with DUF1239 genes from representative bacteria was performed. Expression of DUF1239 members originating from C. taiwanensis, C. metallidurans or R. eutropha restored defects of the RSc0411 mutant, including bacterial growth in SM1 and CPG+SDS media (Fig. 2a) , virulence in N. benthamiana (Table 4) and capability of triggering HR in tobacco leaf (Table 4) . However, complementation tests by expressing DUF1239 genes of E. coli, X. euvesicatoria, or P. carotovorum in the mutant failed to recover these phenotypes to the wild-type level (Fig. 2a , Table  4 ). In addition, expression of the C. taiwanensis DUF1239 gene in the RSc0411 mutant restored the R-LPS production (Fig. 2d, Fig. S2) , while E. coli lptC failed to complement the defects in R-LPS production, root attachment and biofilm formation (Fig. 2d, Fig. S2 , Table 3 ). These data show that the RSc0411 mutant's defects can be rescued by DUF1239 members from closely related bacteria but not those from distantly related ones.
DISCUSSION
RSc0411 is important for R-LPS biogenesis Fig. 4 . Expression of T3SS-related genes in various R. solanacearum strains in Pss190 background. Gene expression was analysed in the wild-type and mutants (a), or in various complemented strains (b). Bacteria were cultured in M63 medium containing 20 mM glutamate as the single carbon source (Boucher et al., 1985) , harvested at OD 600 0.8 and used for RNA extraction as described in Methods. Because growth of the RSc0411 mutant and the hrpG mutant in synthetic medium was not significantly different from that of the wild-type strain, 16S rDNA was used as the internal control for quantitative RT-PCR. RNA levels of the analysed genes are expressed relative to the level of 16S rDNA expression. The experiment was performed at least twice using independent batches of samples with similar results. Results from a single representative sample are shown. The means±SD (error bars) of three determinations from cDNA from a single representative sample are shown. WT, the wild-type strain; RSc0411, the RSc0411 : : Tn mutant; hrpG, the hrpG : : Tn mutant. Plasmids carried in WT and RSc0411 strains for complementation assay are indicated in parentheses. pUFR047, the empty vector used for construction; pURs, pUFR047 clone containing R. solanacearum Pss190 RSc0411.
neighbouring genes resident in the same region encode proteins participating in LPS biosynthesis and transport. We found that this gene cluster is largely conserved among Gram-negative bacteria in the gene composition and order and homology of protein sequences, indicating common functions of these genes. A recent report showed that the Neisseria meningitidis LptC orthologue is involved in LPS transport and the disruption of N. meningitidis lptC and other Lpt genes reduced cellular LPS (Bos & Tommassen, 2011) . However, the specific effect of Lpt disruption on LPS biosynthesis was not clear. The Tn5 insertion in the RSc0411 mutant is projected to result in a truncated RSc0411 protein (Fig. S1 ) similar to a non-functional truncated protein of E. coli LptC that is highly unstable and fails to interact with LptA, leading to LptA destabilization and impaired LPS transport (Sperandeo et al., 2011) . Our results demonstrate that RSc0411 mutation is responsible for various LPS-related defects of the mutant, including increased membrane permeability, reduced level of R-LPS production, biofilm formation and root attachment. These indicate that RSc0411, and probably its neighbouring genes as well, has a function in LPS biogenesis of R. solanacearum.
Specificity in DUF1239 proteins interactions with their interacting Lpt components may have evolved
Despite the generally conserved function of components of the Lpt complex, the specificity of protein-protein interactions at the phylogenetic level has not been explored. Our comparative sequence analyses reveal high sequence divergence among the analysed DUF1239 members, as well as among some of other orthologous proteins putatively involved in LPS transport, according to their phylogenetic distance (Fig. 1 , Table S2 ). Our transcomplementation tests further show that only DUF1239 proteins from bacteria closely related to R. solanacearum can rescue the RSc0411 mutant's defects, indicating homology-dependent functionality of these proteins. It is thus hypothesized that, to achieve the proper and efficient functions in different bacteria living in distinct environments, certain specificity in protein-protein or protein-LPS interactions may have evolved in the Lpt complex. Since E. coli LptC binds to the highly conserved lipid A moiety of LPS (Tran et al., 2010) , rather than to the relatively diverse O-antigen oligosaccharides, it is more likely that the specificity of the Lpt system relies on protein-protein interactions. DSwimming activity of the mutant was evaluated as a ratio with the wild-type as 1.0. The numbers represent the means of two replicates per tested condition collected from at least three independent experiments, with SDs. dBiofilm formation of the mutant was evaluated as a ratio with the wild-type as 1.0. The numbers represent the means of eight replicates per tested condition collected from at least three independent experiments, with SDs. §Log 10 total number of viable bacterial colonies formed per root segment 4 h after inoculation with R. solanacearum. ND, Not determined. Five root pieces were used for the analysis in each trial. The numbers represent the means of a total of 15 replicates collected from three independent trials, with SDs. ||Response of infiltrated N. benthamiana leaves was evaluated 72 h post-inoculation. N, necrosis; C, chlorosis.
Response of infiltrated N. tabacum leaves was evaluated 24 h post-inoculation. +, Hypersensitive response (HR); 2, no response. #Tomato plants (3 weeks old) grown in potting mixture were inoculated with the indicated bacterium at a concentration of 10 8 c.f.u. ml
21
. Disease index (Lin et al., 2008) was recorded 7, 14 and 21 days post-inoculation. The numbers represent the means of 60 inoculated plants per strain with the error bars denoting the SDs.
Possible incompatibility of E. coli LptC in establishing efficient interactions with R. solanacearum Lpt proteins, for instance LptA and/or LptBFG (Tran et al., 2010) , due to sequence diversity may account for its failure in substituting for RSc0411's function in reconstituting a functional Lpt trans-envelope complex in R. solanacearum. In addition, previously Sperandeo et al. (2011) proposed that LptA binds to the C-terminal region of LptC. They showed that a mutated form of LptC (LptCG153R) conferred reduced affinity to LptA and that a truncated LptC (LptC177-191), lacking the second disordered region at the C-terminal region (Fig. S1) , was unable to interact with LptA. In this study, we further found that the RSc0411 Cterminal segment, which contains the second disordered region, is not sufficient to make LptC a functional orthologue to execute RSc0411's function in R. solanacearum (data not shown). Therefore, the specificity of LptC/RSc0411 interaction with LptA should be established by an undetermined region beyond the sequence tested in this study. Furthermore, how LptC/RSc0411 interacts with the LptBFG complex remains to be determined.
RSc0411 is a common virulence determinant of the R. solanacearum species Many processes are involved in the establishment of a successful systemic infection by R. solanacearum. By disrupting orthologous genes present in different R. solanacearum strains, we show that RSc0411 is important for expression of a range of pathogenesis-related key traits in this species (Table 5 , Fig. 2d ). Lessened tolerance to various antimicrobial compounds consistently reveals damage in the mutants' cell envelope integrity and may be due to the decreased LPS production (Martinez de Tejada et al., 1995; Nesper et al., 2001) . However, the unaltered proliferation of the RSc0411 mutant in N. benthamiana leaf 24 h post infiltration (Fig. S3b) implies that lowered LPS level does not affect the mutant's survival inside host plants at the initial stage. In addition, the reduced biofilm formation and root attachment are expected to cause reduced bacterial sustainability outside and inside the plants (Kang et al., 2002) , and the impaired swimming activity would affect bacterial virulence (TansKersten et al., 2001 (TansKersten et al., , 2004 . All of the defects taken together lead to reduced suitability of R. solanacearum mutants during systemic infection and thus attenuated virulence on host plants.
RSc0411 plays a strain-specific role in R. solanacearum pathogenicity
We also show that, compared with other phylotype I strains analysed in this study, RSc0411 disruption in strain Pss190 causes more severe defects in the above-mentioned pathogenesis-related properties. Furthermore and most importantly, RSc0411 has a strain-specific effect on HR development and expression of the T3SS regulatory, structural and effector genes. One might suspect the T3SS to be very sensitive to perturbations in cell structures. However, this possible cause of the described T3SS defects apparently is not applicable in the case of the Pss190 RSc0411 mutant for two reasons. Firstly, two membrane-permeability-defective mutants, disrupted in the LPS-biogenesis gene rfaF or the outer-membrane lipoprotein gene nlpD, in Pss190 background could cause HR. Our previous study also showed that these two mutants displayed reduced virulence rather than avirulence in tomato (Lin et al., 2008) . Secondly, by assessing the activity of representative secreted enzymes, the membranedependent type II secretion system function was shown to be not obviously disturbed in the RSc0411 mutant (data not shown). Furthermore, LPS defects apparently did not contribute to the altered HR response of the Pss190 RSc0411 mutant because a similar defect was absent in the LPS-defective rfaF mutant (Table 4 , Fig. S3c) and expression of the T3SS-related genes was not significantly changed in the Pss4 RSc0411 mutant (data not shown), which also produced a reduced level of R-LPS. Consistent with this conclusion, direct infiltration of R. solanacearum and some other bacterial LPS into tobacco leaf does not trigger the HR (Whatley et al., 1980; our unpublished data) and the initial interaction between R. solanacearum R-LPS and tobacco cell walls is not the decisive factor in HR initiation (Hendrick & Sequeira, 1984) . Similarly, LPS defects in a Shigella flexneri mutant do not directly prohibit the formation of the T3SS structures (West et al., 2005) . Therefore, attenuation of the T3SS activity in the Pss190 RSc0411 mutant appears to be the primary reason for the profound pathogenesis defects, including chlorosis in N. benthamiana, HR failure in N. tabacum and avirulence in tomato.
The above information and our complementation tests together support the hypothesis that RSc0411 confers a LPS-and cell integrity-independent novel function in Pss190 T3SS activity and thus is essential for pathogenicity. It is noteworthy that, similar to the hrpG mutant , the RSc0411 mutant was avirulent and impaired in upward movement inside plants. However, the hrpG mutant displayed much more profound defects in the activation of the T3SS-related gene expression and induction of symptoms in N. benthamiana and HR in N. tabacum. In addition, our promoter assay suggests modulation of RSc0411 expression by HrpG. These results together reveal the importance of RSc0411 for the T3SS function, although the underlying mechanism for this strain-specific effect remains to be investigated further. This is the first report, to our knowledge, of the importance of a DUF1239 protein in the pathogenesis of pathogenic bacteria. E. coli LptC has been shown to be an IM protein with its C-terminal catalytic region oriented toward the periplasm (Tran et al., 2010) . If RSc0411 has a similar localization, it is likely that RSc0411 plays an indirect role in the T3SS function.
In conclusion, our study demonstrates that RSc0411 has a function in LPS biogenesis of R. solanacearum, and it is suggested that certain specificity in protein-protein interactions in the Lpt complex may have evolved among distinct bacteria. Furthermore and as in the first report, we show that RSc0411 is important for expression of full virulence in the R. solanacearum species. Most strikingly, our work also establishes a first-time-reported strainspecific role of RSc0411, a gene from the DUF1239 gene family, in the T3SS activity and thus pathogenicity of R. solanacearum. This study provides new insights into the complex pathogenesis of this important bacterium.
